Introduction

8
Wilcoxon signed rank-sum test was performed as an alternative when data were not normally distributed. 149
Correction for multiple testing, (6) was performed for the 90 comparisons (3x30) presented in Figure 2 . Three 150 statistical significance levels were employed: p<0.05, p<0.01, p<0.001. Spearman correlations R and 151
corresponding p values between bacterial fold changes from 9 to 18 months and from 18 to 36 months, 152 respectively, and changes in parameters of growth and body composition and nutritional parameters 153 (Supplementary Tables 1, 2 and 3) were calculated using GraphPad ( Table 2 ). The Mann-Whitney test was used 154 to compare effects of continued or terminated breastfeeding at the 9 months examination on the relative 155 abundances of all bacteria at 9, 18 and 36 months, respectively. 156
Spearman correlations at 9, 18 and 36 months 157
For the time-independent analysis, all valid samples for each of the three time points, 9, 18 and 36 months 158 were included (N>200 in each age-group). Pairwise correlations between all measured SKOT parameters, 159 including the microbiota, at all three time points were performed using GraphPad. Spearman correlations were 160 applied for all pairwise correlations. False discovery rates (FDR) were calculated by a classical one-stage 161
method (6). 162
The ratio between relative abundances of the Prevotella spp. (B9) and Bacteroides spp.(B3) targets were 163 calculated as a proxy for the corresponding Prevotella-or Bacteroides-driven gut enterotypes (4). The logged 164 relative abundances of Bacteroides spp. and Prevotella spp., frequency distributions of Bacteroides spp., 165 9 Samples from the N=79 individuals giving qPCR results for both B3 (Bacteriodes spp.) and B9 (Prevotella spp.) at 171 both 18 and 36 months were stratified as either high or low P/B enterotypes and investigated for their putative 172 co-occurrence with specifically high or low levels of physiological parameters (nutrition, growth or body 173 composition ). Finally, the fold change from 18 to 36 months using the same stratification was correlated to the 174 longitudinal development of all parameters of nutrition, growth and body composition from 18 to 36 months. 175 176
Results and Discussion
177
Development of the gut microbiota 178
Although a quite extensive amount of literature on the possible factors involved in microbiota development in 179 early life exist, (for reviews, see (72) and (23)), these studies typically focus on microbial colonization 180 immediately after birth (9;19), during weaning at 4-6 months (17;56) or up to 1 (61) and in a single recent study 181 2 years of age (5). To our knowledge, no previous studies including as high numbers of participants as in the 182 present study have focused on the development occurring in the microbiota between infancy and 3 years of 183 age. 184 We observed a clear change in the microbiota during this period, in particular from age 9 to 18 months ( Figure  185 1). The 9 months samples appeared to cluster less closely together than the later samples, and were 186 characterized by more lactic acid bacteria and enterobacteria than seen for samples taken at ages 18 and 36 187 months. The two other age groups comprised a higher number of different microbes including both Firmicutes 188 and Bacteroidetes. In line with this, the majority of specific changes in abundances of given bacterial taxa 189 occurred between 9 and 18 months ( Figure 2 ; Figure S2 ). We observed a consistent and significant increase of 190 several species within the Bacteroidetes phylum, which is consistent with reported findings seen after 191 months. This is in accordance with previous findings seen at cessation of breastfeeding and introduction of 205 formula feeding and/or cow milk (2;8;14;18;46;62;69;76). Conversely, the butyrate producing C. coccoides 206 group (FC -3.14; p<0.001) was seen to be reduced between 9 and 18 months. A previous report (32), based on 207 a cross-sectional study of 40 children, indicates that C. coccoides group increases until 6 months of age, and 208 thereafter remains at a stable level. 209
The fact that we observed significant changes still occurring from 18 to 36 months (Figure 1 and 2) , suggests 210 that convergence towards adult-like stability, characterized by high levels of Firmicutes and Bacteroidetes and 211 smaller fractions of actinobacteria, proteobacteria and verrucomicrobia (3;49;77) was still occurring during this 212 11 that bacterial communities of the gut evolves towards adult-like configuration during the first three years of 214 life (84), but contradicts older reports proposing that full stability is reached already at 12 months (21;41;61). 215
Correlations between relative abundance of bacterial groups and physiological parameters 216
In agreement with previous studies from other researchers (74), still breastfeeding at 9 months, was 217 associated positively with high relative abundances of Lactobacillus spp., Bifidobacterium spp. and B. longum at 218 9 months (Figure 3) . Additionally, when compared to infants no longer breastfed at 9 months, infants breastfed 219 at 9 months had lower levels of a number of butyrate producing taxa including C. leptum group, C. coccoides 220 group, E. halii, and Roseburia spp. Breastfeeding at 9 months was also associated with lower levels of 221
Desulfovibrio spp. and A. muciniphila, as well as of the Bacteroidetes phylum and several taxa herein. For the C. 222 coccoides group and some of the Bacteroides species, the differences were still present after 18 months, while 223 at 36 months the breastfeeding history did no longer influence the microbiota (Figure 3 ). Breastfeeding has 224 been shown to significantly reduce risk of overweight/obesity later in childhood as well as in adult life (29), 225 however conflicting reports of the role of breastfeeding on obesity also exist (48) . We speculate that the 226 observation that continued breastfeeding at 9 months delays progression of specific bacterial taxa may be of 227 relevance for development and later life health. 228
We observed only very few correlations between the abundances of specific gut bacteria and the physiological 229 parameters measured ( Figure S3 ). Significant associations with p< 0.001 and false discovery rates (q) below 230 0.08 were observed at 9 months, where duration of breastfeeding (Breast Milk Supporting these observations, many of the opposite trends for correlations were observed between these 236 bacterial targets and the intake of infant formula, including a negative correlation (p<0.001, q<0.08) to the 237 abundance of Lactobacillus spp. Additionally, the data reflected that duration of breast milk consumption 238 (Breast Milk Days) was negatively associated to the overall energy intake, as previously reported (28). We have 239 previously shown that the breastfed infants had lower BMI both at 9 and 18 months (52). No other significant 240 correlations were found between the gut microbiota and nutritional parameters, or measures of growth and 241 body composition (including DXA and BIA examinations at 36 months), gender or birth mode (vaginally vs. 242 caesarean) at any of the three time points (data not shown). Previous reports on correlations between BMI and 243 gut microbiota composition in young children exist (37;38), however these were observed in cross-sectional 244 cohort studies where sampling was focused on high vs. normal BMI, while the infants included in the present 245 study constituted a younger and leaner population, with only 8% classified as overweight (11). 246
Exploiting the longitudinal observations from the present study, we found significant (p<0.05) positive 247 correlations between increase of Body Mass Index (∆BMI) and the increase of the Firmicutes phylum, the C. 248 leptum group and E. halii (belonging to the C. coccoides group) between 9 and 18 months ( Table 2) . 249
Additionally, increases in M. smithii were negatively correlated to ∆BMI from 9 to 18 months, while reductions 250 in Enterobacteriaceae were associated with higher ∆BMI from 18 to 36 months. Similar results were obtained 251 for ∆BMI-for-age-Z-score (∆BAZ) and ∆Weight-for-length Z-score (∆WFL), but not for changes in Z-scores for 252
Weight-for-age (WAZ), Length-for-age (HAZ), Subscapular skinfold for age (SSZ) or Triceps skinfold for age (TSZ) 253 (data not shown). No other significant correlations between changes in body compositional measures and 254 changes in nutritional parameters and/or bacterial targets were observed. Although excessive weight gain 255 during the first six months after birth has been shown to be particularly predictive of later obesity 256 (10;22;58;85), we found no significant characteristics in the microbiota after 9 months, which corresponded to 257 changes in BAZ or WAZ between birth and 9 months (data not shown). Correlations between the abundances of the bacterial 16S rRNA gene targets were investigated for each of the 270 three age groups (Figure 4 ). Although there were more differences between the 9 months pattern and the two 271 later groups, differences between 18 and 36 months were also observed. 272
At 9 months, we found co-abundance (positive Spearman correlations) between the butyrate producing 273
Firmicutes C. leptum group, C. coccoides group and C. butyricum. Similarly, co-abundance was seen for many of 274 the Bacteroides species, with the notable exception of B. eggerthii. With this specific exception, a high 275 abundance of Firmicutes was also clearly associated with a low abundance of Bacteroides species. While the 276
other Bacteroides species were increasing in abundance during the study, B. eggerthii was reduced (Figure 2) . 277
The reverse co-occurrence of B. eggerthii and the other Bacteroides species was no longer as significant at 36 278 months (Figure 4 ), indicating that later in life, the environment in the gut no longer represses this organism 279 more than the other Bacteroides. Additionally, the clear association between a high abundance of Firmicutes 280 14 and enterococci, and a low abundance of Bacteroides spp. seen at 9 months, has disappeared at 18 and 36 281 months, indicating that it is particularly in infancy that these groups are mutually exclusive to each other. 282
Bacteroides spp. and Clostridiales spp. have previously been seen to co-cluster in the so-called enterotype 283 driven by abundance of Bacteroides spp. in healthy human adults (4). This is in agreement with our data from 284 age 18 months, and becomes even clearer at 36 months, however at 9 months we found no co-abundance of 285 these groups (Figure 4 ). It seems plausible that the development of this co-abundance is a logical consequence 286 of adaptation to a Western-type diet after weaning. However, analysis of possible correlations between 287 bacterial targets and the investigated nutritional parameters (Table S2 ) did not result in statistically significant 288 co-occurrences (data not shown). 289
We found it noteworthy that at 9 months, where Bifidobacterium spp. in general were most abundant ( Figure  290 2), there was a clear co-occurrence of particularly B. longum with the other lactic acid producing taxa 291
Lactobacillus spp. and Enterococcus spp, however no co-occurrence between specific species of 292 Bifidobacterium was seen (Figure 4 ). This pattern was reversed at 18 and 36 months, where the co-occurrence 293 with lactobacilli and enterococci was no longer present, while co-occurrence of the specific Bifidobacterium 294 species B. longum with B. bifidum, B. adolescentis and B. catenulatum, and further of B. bifidum with 295 B.catenulatum, and B. breve was evident. Interestingly, these co-occurrences existed independently of the fact 296 that the average abundance of certain Bifidobacterium species was increased during the experimental period, 297 while others were reduced as discussed above (Figure 2) . 298 'Enterotype' development in the infant gut 299
Lately, the existence of three distinct 'enterotypes', driven by the abundance of Bacteroides spp., Prevotella 300 spp. and Ruminococcus spp., respectively, has been given particular attention (4). While evidence is mounting 301 in support of the distinction between the Bacteroides-and Prevotella-driven groupings, the existence of the 302 15 third group, driven by abundance of Ruminococcus spp., is not as clearly supported (83). In the present study 303 we used the relative abundance between Prevotella spp. and Bacteroides spp., measured as the ratio 304
Prevotella/Bacteroides (P/B) as a proxy for the enterotypes driven by these two genera as proposed by 305
Arumugam (4). It is important to note that we do not mean to propose that the enterotypes are characterized 306 solely by the abundance of these taxa, but merely that their abundance can be used a marker for more 307 complex differences characterizing these two types of intestinal bacterial communities. For the first time, this 308 approach allowed addressing the establishment of enterotypes during infancy. 309
In agreement with the existence of enterotypes, we observed a negative correlation between Prevotella spp. 310
and Bacteroides spp. at 36 months age, but not at 9 or 18 months ( Figure 4 ). The relative abundances of both 311
Prevotella spp. and Bacteroides spp. are below detection limits at birth, given the absence of these bacteria in 312 the prenatal environment of the maternal uterus (72). We propose that Bacteroides spp. colonize better than 313
Prevotella spp., between birth and 9 months (35), as almost all individuals were characterized by a low P/B 314 ratio at 9 months of age ( Figure 5A ). At 18 months, a smaller subset of individuals established a higher P/B 315 ( Figure 5B), a pattern which was even more pronounced after 36 months, where two distinct groups appeared 316 ( Figure 5C ). We observed a unimodal distribution of Bacteroides spp. abundances at all three sampling points 317 ( Figure 5D-F Out of the 79 individuals for whom the P/B-ratio could be calculated for both 18 and 36 months, 70% 328 remained in the same P/B group between 18 and 36 months, while 18% and 11%, respectively, shifted their 329 'enterotypes' from low P/B to high P/B or vice versa (Figure 6 ). Previous studies have shown that although the 330 adult gut microbiota of any individual is quite resilient to major perturbations, enterotypes may shift in a few 331 individuals when measured over longer periods of time (57;65) and by long-term dietary intervention schemes 332 (83). In the present study, we did not identify any correlation of enterotype to diet or BMI . No data on 333 antibiotic treatment were collected for the cohort, however since antibiotic treatment is known to induce 334 major changes in the composition of the infant gut microbiota (1;62;67), it cannot be excluded that antibiotic 335 usage prior to 18 or 36 months samplings influenced the observed shifts. Nevertheless, our results ( Figure 6 ) 336 strongly support the notion that between 18 and 36 months, the 'P/B-enterotype' is still not as stably 337 established as reported in adults (68). In light of recent findings showing that enterotypes driven by 338
Bacteroides spp. and Prevotella spp. affect risk markers for artheroschlerosis (42), and that gut microbiome 339 composition correlates with obesity and metabolic markers in adults (47), we propose that the establishment 340 of microbiota during infancy may affect health status in adult life. 341
Concluding remarks 342
We have studied the establishment of intestinal microbiota in a large cohort of Danish infants, and analysed 343 the microbial data in relation to a vast amount of dietary and physiological measures. We demonstrate 344 significant differences in microbiota composition between infants either breastfed or no longer breastfed at 9 345 months, but additionally show that the effects of breastfeeding on the microbiota are no longer prevalent at 346 age 36 months. Positive correlations between increases in BMI, C. leptum group and E. halii were observed 347 on September 23, 2017 by guest http://aem.asm.org/ Downloaded from from 9 to 18 months, indicating that these butyrate producing groups may contribute importantly to host 348 energy harvest. Additionally, we show for the first time that human enterotypes, expressed as a bimodal 349 distribution of the Prevotella spp./Bacteroides spp. ratio, starts establishing between 18 and 36 months of age. 350
In this period, where we observe an ongoing development of the microbiota towards an adult-like composition, 351 enterotypes are still more susceptible to shifting than previously seen for adults. 352
Considering the increasing evidence supporting a key role of gut microbiota composition in human health, the 353 presented data constitutes an important new body of knowledge on microbiota development during infancy, 354 which is likely to constitute a window where the microbiota can be more significantly influenced by 355 intervention. In this context, the current development in next generation sequencing is expected to contribute 356 importantly to our understanding of human microbiome establishment during the coming years. Table 1 . 608 Log 2 (Fold changes) of microbial 16S rRNA gene targets occurring from 9 to 18 months (white), 18 to 36 months 610 (grey), and cumulative from 9 to 36 months (black). Statistical significance of one-sided t-tests; *p<0.05, 611 **p<0.01, ***p<0.001. Data were corrected for multiple testing, using a maximal false discovery rate of 5%. 612 The 79 individuals giving qPCR results for both 18 (blue) and 36 (green) months, sorted after increasing logged 637 P/B ratios at 36 months. Samples above the dotted line belong to the high P/B group (Prevotella-driven 638 'enterotype'), while samples below this line belong to the low P/B group (Bacteroides-driven 'enterotype'). 639 on September 23, 2017 by guest http://aem.asm.org/ Downloaded from 27 48/79 individuals remained in the low P/B group, while 8/79 individuals remained in the high P/B group from 640 age 18 to age 36 months. 14/79 and 9/79 individuals shifted from low to high P/B, or from high to low P/B, 641 
